INTRODUCTION

1
Traffic congestion causes much inconvenience for travelers and also has a negative 2 impact on environmental conditions. In urban areas, traffic congestion can be widespread 3 occurring during a large portion of the day (1). Trucks traveling in urban road networks 4 during the regular daytime can be one of the major contributors to traffic congestion. 5
Especially in areas that lack enough parking spaces, double parking of delivery trucks can 6 seriously disrupt traffic flow. 7
One of the possible approaches to relieve traffic congestion in urban areas is to 8 shift a portion of delivery trucks from the regular daytime hours, that is, between 6 a.m. 9
and 7 p.m., to the nighttime off-hours, that is, between 7 p.m. and 6 a.m. Such deliveries 10 made after regular business hours are referred to as off-hour deliveries in this paper. As a 11 promising solution to mitigate traffic congestion, off-hour delivery programs have be 12
implemented in Beijing and pilot tested in some other large cities such as New York City, 13
Barcelona and London (2). 14 Although the congestion relief benefits of this off-hour delivery strategy can be 15 significant in terms of reducing truck traffic during daytime, there is a concern that 16 increasing truck traffic during nighttime may lead to safety problems. According to U.S. 17
Department of Transportation, more than 50% of fatal crashes occur at night, despite 18 relatively less vehicle travel is undertaken (3). During nighttime, the ability of drivers to 19 perceive and judge distances can be severely impaired by insufficient lighting. Truck 20 drivers have limited visibility and maneuverability and blind spots around them are even 21 larger at night. All of these factors could increase the likelihood of nighttime truck 22 crashes. However, the total traffic volume is much lower at night and this provides fewer 23 opportunities for exposure to collisions. Therefore, it is difficult to judge whether or not 24 the risk of truck-involved crashes will increase if a portion of truck traffic is shifted to the 25 nighttime off-hours. 26 The objective of this paper is to provide some insight into the safety concerns on 27 off-hour delivery programs. Manhattan, which is the most densely populated borough of 28
New York City with a large demand for truck deliveries, is used as the study area. Robust 29 statistical models are used to accurately capture the safety effects of shifting truck traffic 30 from the regular daytime hours to the nighttime off-hours. 31 32 LITERATURE REVIEW 33 Previous studies have been conducted to explore the relationship between truck crash 34 frequencies and location-specific characteristics. Departments of Transportation weight-in-motion/volume data and New Jersey Turnpike 7 truck EZ-Pass volumes at all interchanges. An iterative approach was used to calibrate 8 the truck OD matrices using the observed data for four time periods: AM peak (6 am-10 9 am), midday (10 am-4 pm), PM peak (4 pm-7 pm) and night (7 pm-6 am). The iteration 10 procedure was repeated until the average difference between assigned and observed truck 11 volumes in each region was within 10% conformity. After the calibration of OD matrices, 12
BPM was used to perform traffic assignments separately for 4 different time periods. The 13 sub model for each period was given its own truck origin-destination (OD) matrix and 14 own network where specific truck routes were defined. 
, and the covariance matrix ... logarithm of length, intersection spacing and road class were included in the three 7 models. Bayesian estimation approach was employed to estimate the posteriors of the 8 parameters of the PL, MVPL and MVPLME models. Table 2 shows the comparisons of 9 the three Bayesian models using their respective DIC values. The MVPLME model has 10 the lowest total DIC value, and therefore can be considered to be superior to the PL and 11 MVPL models. According to the MVPLME model presented in Table 3 , an increase in the 9 segment length is accompanied by an increase in truck crashes. Longer segments can 10 provide more opportunities for exposure to conflicts. In addition, the intersection spacing 11 is found to be negatively associated with crash count. Xie et al. (38) also found the 12 similar result when analyzing crash data from urban areas of Shanghai. The possible 13 reason for this finding is that shorter distance between intersections limits the gap for 14 making safe lane changes, and it will result in more traffic conflicts (38). The positive 15 coefficients of road class shown in Table 3 After adjusting for the effects of control variables, the safety effects of truck volume can 21 be evaluated. The results in Table 3 show that each 1% increase in truck volume predicts 22 a 0.235% increase in daytime minor truck crashes and a 0.273% increase in daytime 23 serious truck crashes, while the expected increases in nighttime minor and serious truck 24 crashes are slightly higher, namely, 0.238% and 0.281%. From a practical standpoint, the 25 Xie, Ozbay, Yang, Holguín-Veras and Morgul percentage changes of daytime truck crashes caused by unit increase in truck volume are 1 effectively the same as the nighttime percentage changes of truck crashes. To further test 2 whether the differences of percentage changes between daytime and nighttime truck 3 crashes are statistically significant, we monitored the posterior distributions of the 4 coefficient differences between daytime and nighttime truck volumes on the log-scale. As 5 shown in Figure 2 , probability density plots of all the parameters are bell-shaped, 6
indicating that all of these parameters exhibit a good convergence behavior. The means of 7 coefficient differences for minor and serious crashes 0.003 and 0.008 are slightly greater 8 than 0, but their 95% BICs (-0.157, 0.172) and (-0.456, 0.480) cover 0. It suggests that 9 the safety effects of daytime and nighttime truck volumes on either minor crashes or 10 serious crashes are not significantly different. 11
Additionally, the truck crash counts were estimated using the MVPLME model 12 under scenarios with different proportions of daytime truck volumes shifted to nighttime 13 off-hours. A MCMC simulation through WinBUGS was conducted for the estimation and 14 the results were reported in This study quantifies the safety impacts of off-hour delivery programs in urban areas 9 using a statistically robust method. Manhattan borough in New York City with a large 10 demand for truck deliveries was used as the study area. Detailed crash data as well as 1 related traffic and geometric data for road segments were collected. A novel modeling 2 approach that involved the use of the multivariate Poisson-lognormal model integrated 3 with measurement errors in truck volumes (MVPLME) was employed. The MVPLME 4 model has the ability to explicitly address the inherent correlation among specific truck 5 crash types and thus the safety effects of daytime and nighttime truck volumes can be 6 accurately captured. A Poisson-lognormal (PL) model and a multivariate Poisson-7 lognormal (MVPL) model were also developed to compare with the MVPLME model. 8
Bayesian approach was employed to estimate the posteriors of the parameters in the 9 proposed model. According to the deviance information criterion (DIC), the proposed 10 MVPLME model was found to perform better than the PL and MVPL models. The DIC 11
value of the MVPLME model was 1906.76, smaller than 1984.18 of the PL model and 12
1909.19 of the MVPL model. In addition, the significance of variation parameters for 13 daytime and nighttime truck volumes affirmed the existence of the measurement errors. 14 The safety impacts of shifting truck traffic from the regular daytime hours to the 15 nighttime off-hours were also studied. We monitored the posterior distributions of the 16 coefficient differences between daytime and nighttime truck volumes on the log-scale. It 17 was found that the 95% BICs of coefficient differences for both minor and serious 18 crashes covered 0 and thus the safety effects of daytime and nighttime truck volumes 19 couldn't be regarded as significantly different. Moreover, the truck crash counts were 20 estimated using the MVPLME model under scenarios with different shift proportions of 21 truck traffic. Both the minor and serious truck crashes were predicted to change slightly, 22 even when the percentage of trucks shifted was increased to as much as 30%. These 23 results showed that off-hour delivery programs were not expected to increase the overall 24 risk of truck-involved crashes significantly. The conclusions of this study can serve 25 policy makers and transportation agencies as a useful tool in decision making on the 26 application of off-hour delivery programs. 27
Despite the performance of the proposed approach, we should mention the 28 limitation of missing other potential explanatory variables such as presence of median, 29 shoulder length, and pavement condition. Additional work is needed to collect these 30 variables and include the significant ones in the models. The proposed MVPLME model 31 can also be used to evaluate the impacts of adverse weather on crash risk, on the basis 32 that crash counts and traffic volumes are collected respectively for different weather 33 conditions. 34 35 ACKNOWLEDGMENTS 36
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